Abstract 2,5-Dinitrofuran is readily available from 2-nitrofuran by treatment with concentrated nitric acid. The reaction of this compound with various nucleophilic reagents proceeds by an addition/elimination sequence (S N Ar) to furnish substituted 5-nitrofurans in good yield. DielsAlder cycloaddition of the resulting activated furans with various π-systems affords transient [4+2]-cycloadducts that undergo nitro group elimination and subsequent aromatization to produce polysubstituted phenols.
Introduction
Nucleophilic substitutions using benzenoid aromatics have been proposed to proceed through an addition-elimination mechanism (S N Ar). This proposal is consistent with the available kinetic data.
1,2 Molecular orbital calculations have been performed on the suspected intermediate Meisenheimer complex, 3 theories have been advanced to explain attack-site preferences, 4 and some theoretical work using bond energies have been carried out. 5 In contrast to this situation, nucleophilic aromatic substitution on the furan ring has been little studied. Monographs dealing with the chemistry of furans either ignore the subject entirely or sometimes present just a few
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To further illustrate the scope and synthetic utility of this S N Ar substitution reaction, we set out to expand the process using other nucleophilic agents. We found that treating dinitrofuran 1 with thiophenol in the presence of sodium hydride afforded 2-nitro-5-(phenylsulfanyl)furan 8 in 91% yield. Interestingly, the reaction of thioacetamide with furan 1 in the presence of NaH produced bis-(5-nitrofuranyl)-sulfide 11 as the exclusive product in 85% isolated yield (Scheme 3). The formation of 11 most probably proceeds through a sequence initiated by an addition-elimination of thioacetamide on the more nucleophilic sulfur atom to first produce 9 as a transient intermediate. Further reaction of 9 with NaH results in the loss of acetonitrile and the generation of thiolate 10 which reacts further with excess dinitrofuran to eventually produce sulfide 11.
On the other hand, heating a sample of 16 at 120 °C afforded a 2:1-mixture of chromanols 17 and 18 in 50% overall yield. The major chromanol (i.e., 17) produced in this reaction can be attributed to the formation of a Diels-Alder adduct (i.e., 19) derived from cycloaddition of the dienic system of the furan across the tethered π-bond. Opening of the oxabridge is assisted by the lone pair of electrons on the neighboring oxygen atom. 1,2-Migration of the nitro group to the adjacent double bond of the incipient oxonium ion then takes place to give enone 20 (Scheme 6). This transient intermediate is converted to nitro-chromanol 17 by subsequent tautomerization and air oxidation. Formation of the minor product 18 may be rationalized by invoking a competitive sequence involving loss of HNO2 to give dienone 21 followed by a 1,3-sigmatropic hydrogen shift to ultimately produce chromanol 18. After some experimentation, we eventually found a set of conditions that suppressed nitro group migration. The best conditions for minimizing formation of nitrochromanol 17 consisted of performing the thermolysis of 16 in tbutanol at 120 °C in the presence of potassium carbonate. These conditions resulted in the isolation of chromanol 18 as the exclusive product in 54% yield.
Scheme 6
The reaction of 2,5-dinitrofuran 1 with a typical secondary amine such as morpholine in ether at 35 0 C afforded the morphilino-substituted nitrofuran 22 in 97% yield. Heating a sample of 22 with phenyl vinyl sulfone (120 °C, 12 h) in the presence of K2CO3 gave phenol 23 in 40% yield which is seemingly derived from a [4+2]-cycloaddition followed by nitro group ejection and subsequent aromatization.
Using the S N Ar reaction of 2,5-dinitrofuran, we were also able to synthesize Ntosylamino furans 24 and 25 in 77% and 84% yields, respectively. Heating a sample of 24 in toluene at reflux resulted in a mixture of phenols 26 (50%) and 27 (14%). Similar results were obtained when the dienophile tether was lengthened by one methylene unit as illustrated in Scheme 7 for the conversion of nitrofuran 25 into 28 (55%) and 29 (7%). From these results it is evident that nitro-substituted aminofurans display some interesting cycloaddition chemistry.
Scheme 7
Two distinct reaction pathways are observed: (1) cycloaddition followed by loss of the nitro group to give phenols (i.e., 26 and 28) and (2) cycloaddition followed by 1,2-nitro migration to eventually afford the corresponding o-nitrophenols 27 and 29. Similar 1,2-shifts have been reported in cycloadditions involving silyl-substituted furans, 11 thereby providing good precedence for this rearrangement pathway.
In conclusion, this paper describes a versatile new approach to phenols with various substitution patterns. The synthetic procedure described here involves a S N Ar substitution reaction of 2,5-dinitrofuran with different nucleophilic reagents as a method for producing 5-nitro substituted furans. A subsequent Diels-Alder cycloaddition of the activated furan with several alkenyl π-bonds furnishes transient [4+2]-cycloadducts that are readily converted to polysubstituted phenols. Further application of the method and its utilization for alkaloid synthesis are in progress and will be reported in due course.
Experimental Section
General Procedures. Melting points are uncorrected. Mass spectra were determined at an ionizing voltage of 70eV. Unless otherwise noted, all reactions were performed in flame dried glassware under an atmosphere of dry argon. Solutions were evaporated under reduced pressure with a rotary evaporator and the residue was chromatographed on a silica gel column using an ethyl acetate/hexane mixture as the eluent unless specified otherwise. All solids were recrystallized from ethyl acetate/hexane for analytical data.
2,5-Dinitrofuran (1).
To 50 mL (0.5 mol) of acetic anhydride at -30 o C was added 22 mL (0.5 mol) of fuming nitric acid, while maintaining the temperature below -10 °C. The acetyl nitrate solution was cooled to -30 °C and a solution containing 40 mL (0.3 mol) of furan in 20 mL of acetic anhydride was slowly added, while maintaining the temperature below -30 °C. When the addition was complete, the reaction was allowed to stir for an additional 15 min, poured into ice water, and neutralized to pH 6 by the slow addition of a 50% NaOH solution while maintaining the temperature at 0 °C. The mixture was extracted with ether, dried over MgSO 4 , and concentrated under reduced pressure. The red liquid was taken up in 20 mL of dry THF and the mixture was slowly added to a solution of 40 mL of pyridine in 20 mL of THF. The rate of addition was controlled so as to maintain a temperature of 50 °C. Once the addition was complete, the reaction mixture was cooled to rt and concentrated by distillation under aspirator vacuum. The resulting residue was passed through a silica gel plug eluting with CH 2 Cl 2 . The yellow filtrate was concentrated under reduced pressure and the resulting oil was sublimed at 30 °C (2 mm) to give 16.5 g (53%) of 2-nitrofuran as bright yellow crystals: mp 27-28 °C (lit.
mp 28-29 °C).
A solution containing 3.0 g (26 mmol) of the above compound in 50 mL of 70% nitric acid was heated at 60 °C for 4 h. After cooling to rt, the solution was poured into ice water, neutralized by the careful addition of sodium carbonate, and extracted with CH 2 Cl 2 . The combined organic extracts were washed with water, brine, dried over Na 2 SO 4 , and concentrated under reduced pressure. Recrystallization of the residue from ethanol afforded 2.1 g (51%) of 2,5-dinitrofuran 1 as a pale yellow solid: mp: 99-101 °C (lit.
7 mp: 100-101 °C).
3-Hydroxy-2-(5-nitrofuran-2-yl)but-2-enoic acid ethyl ester (6).
To a solution containing 0.4 mL (3 mmol) of ethyl acetoacetate in 25 mL of THF at 0 °C was added 0.1 g (3 mmol) of 60 % NaH in mineral oil. The reaction mixture was allowed to stir at 0 °C for 15 min and a solution containing 0.3 g (2 mmol) of 2,5-dinitrofuran in 10 mL of THF was added. The solution was allowed to warm to rt, stirred for 2 h, and quenched by the addition of water. The mixture was extracted with CH2Cl2 and the combined extracts were dried over MgSO 4 . The solvent was removed under reduced pressure and the residue was subjected to silica gel chromatography to give 0.4 g (90 %) of 6 as a yellow oil: IR (neat) 3132, 1647, and 1352 cm 
2-(5-Nitrofuran-2-yl)malonic acid diethyl ester (7)
. To a solution containing 1.5 mL (13 mmol) of dimethyl malonate in 50 mL of THF at 0 °C was added 0.6 g (15 mmol) of 60 % NaH in mineral oil. The mixture was allowed to stir at 0 °C for 10 min and a solution containing 1.0 g (6 mmol) of 2,5-dinitrofuran in 5 mL of THF was added. The solution was allowed to warm to rt, stirred for 20 min, and quenched by the addition of water. The mixture was extracted with CH2Cl2 and the combined extracts were dried over MgSO 4 . The solvent was removed under reduced pressure and the residue was subjected to silica gel chromatography to give 1. 
2-Nitro-5-(phenylsulfanyl)furan (8).
To a solution containing 0.7 mL (6.0 mmol) of thiophenol in 25 mL of acetonitrile at 0 °C was added 0.3 g (9 mmol) of 60 % NaH in mineral oil. The reaction mixture was allowed to stir at 0 °C for 20 min and a solution containing 1.0 g (6.0 mmol) of 2,5-dinitrofuran in 10 mL of acetonitrile was added. The reaction mixture was heated at reflux for 2.5 h, cooled, and quenched by the addition of water. 
2-Nitro-5-(pent-4-enyloxy)furan (16).
To a solution containing 0.3 mL (3.2 mmol) of 4-penten-1-ol and 25 mL of THF at 0 °C was added 0.2 g (4.5 mmol) of 60 % NaH in mineral oil. The mixture was stirred at 0 °C for 30 min and a solution containing 0.5 g (3 mmol) of 2,5-dinitrofuran in 5 mL of THF was added. The solution was allowed to warm to rt, stirred for 3 h, and quenched by the addition of water. The mixture was extracted with CH2Cl2 and the combined extracts were dried over MgSO 4 . The solvent was removed under reduced pressure and the residue was subjected to silica gel chromatography to give 0.37 g (60 %) of 16 as a white solid; mp 55-56 °C; IR (CHCl3) 1590, 1485, and 1420 cm To a stirred solution containing 3.5 g (11 mmol) of the above sulfonamide in 50 mL of CH 2 Cl 2 was added 2.5 mL (0.3 mol) trifluoroacetic acid. The solution was allowed to stir at rt for 12 h and was quenched with an aqueous K2CO3 solution. The organic layer was separated, washed with brine, dried over Na 2 SO 4 To a stirred solution containing 1.4 g (6 mmol) of the above sulfonamide in 30 mL of THF at 0 °C was added 0.3 g (9 mmol) of 60% NaH in mineral oil. The mixture was stirred for 30 min at rt, and cooled to 0 °C, then a solution of 1.0 g (6.3 mmol) of 2,5-dinitrofuran in 5 mL of THF was added. The mixture was allowed to warm to rt, stirred at this temperature for 3.5 h, and quenched with water. The solvent was removed under reduced pressure and the residue was extracted with CH 2 Cl 2 . The combined organic extracts were washed with brine, dried over Na 2 SO 4 To a stirred solution containing 1.5 g (6.3 mmol) of the above sulfonamide in 30 mL of THF at 0 °C was added 0.3 g (9 mmol) of 60% NaH in mineral oil. The ice bath was removed and the mixture was stirred for 30 min at rt. The solution was cooled to 0 °C and 1.0 g (6 mmol) of 2,5-dinitrofuran in 5 mL THF was added. The mixture was allowed to warm to rt, stirred at rt for 3.5 h, and quenched with water. The solvent was removed under reduced pressure and the residue was extracted with CH 2 Cl 2 . The combined organic extracts were washed with brine, dried over Na 2 SO 4 SO 4 , and concentrated under reduced pressure. The residue was subjected to silica gel chromatography. The major fraction contained 0.5 g (55%) of 28 as a
3-Benzenesulfonyl-4-(morpholin-4-yl)phenol (23)
.
